In the hydrothermal crystallization of zeolites from basic media, hydroxide ions (OH -) catalyze the depolymerization of the aluminosilicate gel by breaking the Si,Al-O-Si,Al bonds and catalyze the polymerization of the aluminosilicate anions around the hydrated cation species by remaking the Si,Al-O-Si,Al bonds. We report that hydroxyl free radicals (•OH) are involved in the zeolite crystallization under hydrothermal conditions. The crystallization processes of zeolites-such as Na-A, Na-X, NaZ-21, and silicalite-1-can be accelerated with hydroxyl free radicals generated by ultraviolet irradiation or Fenton's reagent.
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Z
eolites are microporous crystalline aluminosilicates that are used as ion-exchangers in the detergent industry, catalysts in the petrochemical and chemical industry, and adsorbents in air separation through pressure swing adsorption (1, 2) . Zeolite materials are typically synthesized in a strong basic medium in which a high concentration of hydroxide ions (OH -) assists in the mineralization of silicate and aluminate species in the reactant gels (3) . The crystallization process can be described through the following steps: (i) polymerization, forming an amorphous gel via making Si,Al-O-Si,Al bonds; (ii) depolymerization, forming soluble aluminosilicates and silicates via breaking Si,Al-O-Si,Al bonds; and (iii) repolymerization, remaking Si, Al-O-Si,Al bonds around the hydrated cation species-that is, the structure-directing agentsvia condensation reaction (4, 5) . These steps comprise the nucleation and crystal growth stage of the crystallization, which are catalyzed by OH -involving multiple equilibria. However, the crystallization mechanism of zeolites is still unclear, and the understanding of their formation at a molecular level has not yet been achieved.
Under basic conditions, OH -ions increase the coordination of tetrahedral silicon (Si) atoms to pentahedral or octahedral, which weaken and break the Si-O-Si bonds (6) . Theoretical calculations show that the dissociation of the Si-O-Si bonds is more favorable when catalyzed by hydroxyl free radicals (•OH) (7, 8) ; •OH species are highly active in organic synthesis (9), polymerization (10), and modification of proteins (11) . Generation of •OH in solution can be achieved by means of, for example, electron pulse radiolysis, ultraviolet (UV) irradiation, Fenton reactions, chemical reactions, and high-voltage electrical discharge (11) . We show that hydrothermal zeolite crystallization can be accelerated by introducing •OH via physical or chemical methods.
To investigate the effect of •OH on zeolite crystallization, we used a modified multiparallel reactor that allowed for UV irradiation and controlled heating ( fig. S1 ). The hydrothermal syntheses conducted under UV irradiation are referred to as UV condition, and control syntheses conducted in the oven without the UV irradiation are referred to as dark condition. We initially studied the UV and dark-condition syntheses in the Na 2 OAl 2 O 3 -SiO 2 -H 2 O system at 298 K. Under UV conditions for 24 hours, the experimental and simulated x-ray diffraction (XRD) patterns of Na-X (SiO 2 / 0.21Al 2 O 3 /9.36Na 2 O/85H 2 O) (Fig. 1A) S2A ) and the scanning electron microscopy (SEM) images of the corresponding products ( fig. S3 ) indicate that the products were already crystallized. Under dark conditions for 24 hours, the corresponding XRD patterns (Fig. 1, C and D, and fig. S2B ) show that the materials were still primarily amorphous. These results demonstrate that the crystallization rate of zeolites was accelerated by UV irradiation.
The crystallization process of zeolite Na-A with the starting molar composition of SiO 2 /0.46Al 2 O 3 / 4.4Na 2 O/60H 2 O was further investigated at 298 K under dark and UV conditions with different irradiances that varied the •OH concentration (reported as crystallization curves in Fig. 1E ). Under dark conditions, long-range ordering of zeolite Na-A, as confirmed with XRD, began to be observed after 40 hours ( fig. S4A ). After 60 hours, highly crystalline zeolite Na-A was obtained, as confirmed with the SEM and high-resolution transmission electron microscopy (HRTEM) images ( fig. S5 ). In contrast, the XRD patterns ( fig. S4, B that under dark with a Na 2 O/SiO 2 ratio of 4.4. The accelerating effect on crystallization upon UV with the reduced alkalinity is further enhanced as compared with that upon UV with normal alkalinity.
Upon UV irradiation, water can generate •OH (11). We used electron paramagnetic resonance (EPR) to characterize •OH and the derived species formed in the zeolite reaction system. We added 5,5-dimethylpyrroline-N-oxide (DMPO) as the spin-trapping agent of •OH into the initial reaction mixture, and we recorded the EPR signals in situ after the reaction mixture was irradiated for 0, 30, and 90 s. For comparison, we also characterized the initial reaction mixture and the pure water under dark conditions. As anticipated, the EPR signals from •OH captured by the DMPO-a 1:2:2:1 quartet pattern, with a splitting of 1.5 mT characteristic of a DMPO-•OH adduct-were observed after irradiation for 90 s ( Fig. 2A) and 30 s (Fig. 2B) . The characterized hyperfine coupling constants (HFCs) were a N = a Hb = 1.5 mT. Because DMPO was also photolyzed, the EPR signals of oxidized DMPO radicals featured by a three-line spectrum were also observed. Sextet EPR signals (Fig. 2, A and B ) with a N = 1.59 mT and a Hb = 4.5 mT were observed. None of these signals were observed in the spectrum of the initial reaction mixture without the UV irradiation (0 s) in the presence of DMPO (Fig. 2C) , indicating that the new sextet EPR signals were not from the inorganic impurities of the initial reaction mixture but from the radicals generated by the UV irradiation.
Because of the large a Hb value (4.5 mT), these sextet EPR signals cannot be attributed to the carbon (C)-and oxygen (O)-centered radicals. For the C-centered radical, the a Hrb is at the range of 1.8 to 2.8 mT, and for the O-centered radical, the a Hb is at the range of 0.7 to 1.4 mT (12, 13) . In fact, the large HFCs of these sextet EPR signals are similar to that of the DMPO-•P(O)(OC 2 H 5 ) 2 adduct (12) . Because no phosphorous (P) species was involved in the initial reaction mixture, these signals might be attributed to the DMPO-•Si adduct. If this is so, then the slight change in the intensity SCIENCE sciencemag.org of these signals in the spectra after 30 and 90 s of irradiation indicated that these Si-based radicals were generated during the zeolite crystallization.
Previous studies show that fumed silica has an intrinsic population of planar three-memberedrings (3MRs) formed at high temperature and "frozen-in" by rapid quenching, which can undergo cleavage forming Si• and Si-O• radicals because of the strain in the Si-O-Si bonds (14-16). Aqueous alkaline silicate solutions also contain 3MRs, as confirmed by previous 29 Si- 29 Si correlation spectroscopy nuclear magnetic resonance studies (17) . Thus, the Si-based radicals in zeolite synthesis probably form through homolytic cleavage of the strained Si-O-Si bonds in planar 3MRs in the initial reaction mixture. The reason why no Si-O• radicals (another type of oxygen-centered radical) were observed might be caused by their high activity; they can easily react with water to form •OH. Shown in Fig. 2, D to F, is a comparison of the experimental and the simulated EPR spectra of DMPO-•OH adduct, DMPO-•Si adduct, and oxidized DMPO radicals, respectively, which confirms the assignment.
Considering that the concentration of radicals in the non-UV-irradiated initial reaction mixture and in the pure water might be too low to be detected by DMPO, we used a recently developed spin-trapping agent, 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO), that allows a long-time accumulation of the EPR signals (18) . We also observed •OH in the initial synthesis mixture under dark conditions for 10 hours (Fig. 2G) . We recorded the EPR signals that arose from •OH captured by BMPO, a characteristic 1:2:2:1 quartet pattern of a BMPO-•OH adduct (18) . The complicated spectrum is due to the spectral overlapping of two isomers of BMPO (Fig. 3F, as (Fig. 3A) indicate that the long-rang ordering of silicalite-1 was already observed when the reaction time reached 40 hours, which is 10 hours shorter than that under UV conditions (Fig. 3B ) and 20 hours shorter than that under dark conditions (Fig. 3C) . The greater acceleration effect of the Fenton conditions than UV conditions indicates the higher concentration of •OH generated by the Fenton's reagent than by the UV irradiation. The SEM and TEM images of silicalite-1 recovered at the end of crystallization under Fenton conditions as compared with the dark and UV conditions are shown in fig. S13 . The yields of silicalite-1 at different crystallization periods under Fenton and UV conditions, which are also remarkably improved as compared with the dark conditions, are given in fig. S14 . The composition and N 2 adsorption data for all samples are included in table S1.
To identify the radicals in the crystallization of silicalite-1, we characterized the initial reaction mixtures at ambient temperature under Fenton, UV, and dark conditions by means of EPR spectroscopy (Fig. 3, D to F) . Under dark conditions, signals from the BMPO-•CH(CH 3 )OH adduct (a N = 1.51 mT, a Hb = 2.1 mT) (Fig. 3F) imply the existence of alkane radicals, which may be formed from the reaction of •OH with the ethanol generated from the hydrolysis of TEOS. This reaction would consume the very limited •OH formed under the dark conditions. Under UV conditions (Fig. 3E) , DMPO-•CH(CH 3 )OH (a N = 1.59 mT, a Hb = 2.27 mT), DMPO-•OH (a N = a Hb = 1.50 mT), DMPO-•Si (a N = 1.59 mT, a Hb = 4.5 mT), and oxidized DMPO radicals were observed and indicate that more •OH formed. The initial reaction mixture under the Fenton conditions (Fig. 3D) contained •OH (a N = a Hb = 1.50 mT), ethanol carbon radicals (a N = 1.59 mT, a Hb = 2.27 mT), Si-based radicals (a N = 1.59 mT, a Hb = 4.5 mT), and oxidized DMPO radicals.
Inhibiting •OH may slow down the zeolite crystallization. Because ethanol is an effective •OH scavenger, we crystallized silicalite-1 at 343 K under UV conditions by evaporating the ethanol in the mixture. We prepared two batches of the initial mixtures with the same molar composition; the batches were stirred overnight at ambient temperature under dark conditions in sealed and open quartz tubes, respectively. The weight loss of the initial mixture in the open quartz tube suggests that most of the ethanol hydrolyzed from TEOS was evaporated from the mixture. Subsequently, the quartz tubes were surely sealed and heated at 343 K for 48 hours under UV irradiation. As anticipated, the crystallization process was accelerated when the ethanol was removed, as indicated by the corresponding XRD patterns (fig. S15) .
The zeolite crystallization is a two-step process, including nucleation and crystal growth. The sigmoidal crystallization curves shown in Fig. 1E show that the induction period under UV conditions is much shorter than that under dark conditions, which suggests that •OH generated by UV irradiation plays an important role in accelerating the nucleation stage during the crystallization. However, the slope of the crystallization curve for the UV conditions is similar to that for the dark conditions, implying similar crystal growth rates. To further confirm which stage was accelerated by •OH, we investigated the synthesis of zeolite Na-A at 298 K by means of UV pretreatment in the induction period for 18 hours, followed by crystallization under dark conditions. The XRD patterns of the products ( fig. S16) show that the crystallization of the synthetic system under such conditions is similar to that under UV conditions, indicating that •OH mostly influences the nucleation stage but not the crystal growth stage.
Theoretical calculations provide more insight into how •OH accelerates the nucleation stage. Under the very basic conditions used in the synthesis, anionic [Si 2 O 1+x (OH) 6-x ] x-species stabilized by Na + cations will be preferentially formed via successive and clearly exothermic deprotonation steps ( fig. S17) (Fig. 4B) . However, all the activation energies obtained in the reaction with •OH (Fig. 4C , red line) are much lower, indicating that the presence of •OH in the reaction medium will considerably increase the rate of Si-O bond-breaking and depolymerization of the gel. The second step in the nucleation process is the formation of new Si-O-Si bonds, which could be considered to be the reverse of the process investigated above, starting from products P and ending with reactants R. The high stability of the products when using the [SiO 2 (OH)-O-SiO 3 ]Na 5 model of the gel results in very high activation energies: 30 kcal/mol in the presence of only OH -, and somewhat lower-23 kcal/mol-when •OH is also present in the media.
In order to check the influence of decreased alkalinity on the mechanism, a monodeprotonated [Si(OH) 2 -O-Si(OH) 3 ]Na model was also considered. The theoretical results clearly prove the enhanced positive effect of •OH as compared with OH -in breaking of the Si-O-Si bonds (activation barrier, 29 versus 4 kcal/mol) and promoting the formation of new Si-O-Si bonds (activation barrier, 17 versus 8 kcal/mol) in the gel with reduced alkalinity (figs. S18 and S19). This is consistent with our experimental results of the enhanced accelerating effect upon UV with reduced alkalinity. The discovery that zeolite synthesis mechanism can be promoted through free radicals sheds a new light on zeolite crystallization and will open new perspectives for the synthesis of zeolite materials that are largely demanded in the chemical industry.
